The ASPP1 (Apoptosis Stimulating Protein of p53) protein is an important tumour-suppressor. We have detected a novel protein interaction between the human ASPP1 (hASPP1) protein and the predominantly nuclear adaptor protein SAM68. In the human testis, full-length endogenous hASPP1 protein is located in the nucleus like SAM68, predominantly within meiotic and postmeiotic cells. Mouse ASPP1 (mASPP1) protein is mainly expressed in the brain and testis. The interaction with nuclear SAM68 is likely to be restricted to human germ cells, since endogenous mASPP1 protein is exclusively cytoplasmic. The C-terminal region of hASPP1 efficiently targeted a fused GFP molecule to the nucleus, whereas the N-terminus of hASPP1 targeted GFP to the cytoplasm. In the context of the full-length molecule this cytoplasmic targeting sequence is dominant in HEK293 and Saos-2 cells, since full-length hASPP1-GFP is almost exclusively cytoplasmic. Despite its predominantly cytoplasmic location, we show that ASPP1-GFP expression in HEK293 cells can regulate the ratio of alternative spliced isoforms derived from a pre-mRNA regulated downstream of cytoplasmic signalling pathways, and our data suggest that ASPP1 may operate in this case downstream or parallel to RAS signalling pathways.
Introduction p53 can promote transcription of genes involved in cell cycle arrest or apoptosis, and p53-interacting proteins play an important role in modulating its affinity between these different classes of promoters (Coutts and La Thangue, 2005 ). An important group of these interacting proteins belong to the ASPP family (Slee and Lu, 2003) . ASPP is an acronym of both Apoptosis Stimulating Protein of p53, and Ankyrin repeat, SH3 and Proline-rich Protein (Samuels-Lev et al., 2001) . There are three ASPP family members: ASSP1(MIM *606455), ASPP2 (MIM *602143) and iASPP (a.k.a. RAI, MIM *607463) (Samuels-Lev et al., 2001; Takahashi et al., 2004) . (Figure 1 ). Both ASPP1 and ASPP2 proteins enhance the apoptotic function of p53 by stimulating the selection of proapoptotic promoters (Samuels-Lev et al., 2001) . More recently, a third member of this family has been identified called iASPP, which inhibits the proapoptotic functions of ASPP1 and p53 (Bergamaschi et al., 2003) . Each of the ASPP proteins has a similar modular structure (Figure 1 ), including 2 ankyrin repeats and an SH3 domain at the C-terminus required for the interaction of ASPP proteins with both p53 and Bcl2, although binding of these two proteins to ASPP2 might be mutually exclusive (Naumovski and Cleary, 1996) . Interactions with all known ASPP1 and ASPP2 interacting proteins are mediated through the ankyrin repeats/SH3 domain, and not much is known about what the rest of the protein does.
p53 is not mutated in around half of human tumours, and in these p53 wild-type tumours the status of ASPP protein expression might be important in controlling whether neoplastic cells undergo programmed cell death (Vogelstein et al., 2000) . Consistent with this, ASPP1 protein expression has been found to be downregulated in tumour cell lines, leukaemia and in some breast cancers, and this might contribute to a failure of apoptosis in these tumours (Samuels-Lev et al., 2001; Liu et al., 2004; Liu et al., 2005; Zhang et al., 2005) . Furthermore, ASPP1 interacts with the DNA-binding domain region of p53, which is frequently mutated in human cancer, and these mutations block the ASPP1-p53 interaction (Samuels-Lev et al., 2001) .
Although ASPP1 and ASPP2 proteins can stimulate the transcription of proapoptotic genes by p53, the mechanism of this is unknown. A major complicating factor has been the cellular location of both proteins. Transfection experiments using epitope-tagged ASPP1 and ASPP2 have shown they are mainly located in the cytoplasm, whereas p53 and its target genes are located in the nucleus. The cellular distribution and expression pattern of the endogenous ASPP proteins are unknown. In this study, we have identified human ASPP1 as a protein partner with SAM68, a predominantly nuclear adaptor protein that might form a common component linking several important cellular pathways, since it has been ascribed with multiple functions in signalling, cell cycle control, RNA processing and apoptosis. SAM68 has six SH3 binding sites and two SH2 binding sites (http://scansite.mit.edu/), which can interact with proteins in a number of signalling pathways including the RAS pathway components PLCg, GAP and Grb2, and the p85 subunit of PI3 kinase (Vernet and Artzt, 1997; Lukong and Richard, 2003; Paronetto et al., 2003) . SAM68 also contains a KH domain (found in several RNA-binding proteins) embedded within a slightly larger domain called a STAR or GSG domain, and which mediates both protein-protein and protein-RNA interactions. We find ASPP1 protein is indeed nuclear like SAM68 in human germ cell development, but in cell lines and mouse tissue it is exclusively cytoplasmic. ASPP1 protein contains distinct cellular localisation signals, and we suggest how these are recognised and will be determined by the cellular environment, which in turn will determine its major protein partners.
Results
Identification of ASPP1 as a novel SAM68-interacting protein SAM68 interacts with the germ cell-specific RNAbinding protein RBM, which is implicated in alternative splicing regulation (Venables et al., 1999; Elliott et al., 2000a) . We carried out a two-hybrid screen using fulllength SAM68 protein as bait to identify other associated proteins in the human testis (Figure 2a) . The first and third most frequently detected preys were T-STAR and SAM68, respectively (Venables et al., 1999; Venables et al., 2004) . Since these are known interacting proteins, we conclude our two-hybrid screen was identifying bona fide interacting proteins. The second most frequently detected prey plasmids encoded the novel interacting protein ASPP1 (Figure 2a) , of which there were at least seven independent cDNAs identified. We systematically mapped the protein regions mediating this interaction (Figure 2b ). ASPP1 prey from the screen interacted specifically with the RG-rich domain of SAM68, which contains two SH3 binding domains, and not the KH domain, which mediates the homotypic SAM68 and heterotypic SAM68-T-STAR interaction (Chen et al., 1997) . Both a single ankyrin repeat and the SH3 domain of ASPP1 were required for the interaction with full-length SAM68 (Figure 2b ). Equivalent regions of ASPP2 and iASPP also interacted with SAM68 in a directed yeast two-hybrid assay (not shown).
SAM68 and ASPP1 proteins interact in vitro
We used an in vitro pull down assay to test if ASPP1 and SAM68 could interact with each other in the absence of any potentially bridging yeast proteins (Figure 2c ). Fulllength ASPP1 protein (amino acids 1-1090) was expressed weakly by in vitro translation, but efficiently bound to the RG-rich region of SAM68 and T-STAR proteins fused to GST and attached agarose beads. A smaller ASPP1 minimal interaction region (amino acids 872-1090) translated in vitro much more efficiently, and was also specifically pulled down. Under identical conditions, no in vitro translated ASPP1 protein was bound by GST alone, and neither beads coated in SAM68-GST nor those coated in T-STAR-GST pulled down the non-specific protein control luciferase. As a positive control, we carried out equivalent pull downs using SIAH1 protein, which behaved as previously reported (Venables et al., 2004) .
Endogenous ASPP1 and SAM68 proteins are coexpressed in the testis and concentrated within the nuclei of human germ cells If SAM68 and ASPP1 interact in human germ cells, they should be located in the same cellular compartment. ASPP1 protein expression has previously been reported as cytoplasmic after the transient expression of epitopetagged protein (Samuels-Lev et al., 2001) . We raised and affinity purified a sheep polyclonal antisera specific to human ASPP1 protein to examine the expression and localisation of endogenous ASPP1 within the testis (Figure 3a ). We detected a single major protein of around 170 KDa molecular weight in testis extracts from human, marmoset and macaque (Figure 3b ), which almost exactly comigrated with full-length human ASPP1 expressed in HeLa cells from two different expression vector constructs, and just below an ASPP1-GFP fusion protein (which migrates slower as a result of the GFP moiety). Immunodetection was quantitatively reduced by preincubation with the immunising ASPP1 polypeptide (Figure 3c ). The observed molecular mass of ASPP1 of around 170 KDa is larger than its predicted molecular mass (calculated at 120 KDa at http:// scansite.mit.edu/), suggesting some in vivo modification or aberrant migration of ASPP1 protein on SDS/PAGE gels, possibly the result of its high proline content (genbank annotation Q96KQ4).
We used our affinity-purified antibody to visualise endogenous hASPP1 protein on sections of human testis using indirect immunofluorescence, and surprisingly detected strong expression within the nuclei of germ cells ( Figure 3d ). No immunofluorescence was seen after preabsorption of the affinity-purified antibody with the immunising protein ( Figure 3e ). hASPP1 staining was most strongly detected in the nuclei of round spermatids, and to a lesser extent in the nuclei of spermatocytes. A very similar staining pattern was obtained by staining human testis sections for SAM68 (Figure 3f ). Hence, hASPP1 and SAM68 are coexpressed in the same nuclear compartment in human germ cells. Similar results were obtained using testis sections from marmoset and macaque (data not shown).
Our affinity-purified a-ASPP1 antisera also recognised an identically migrating protein in mouse testis and brain, at lower levels in liver and lung, and at much lower levels in heart, spleen and kidney (Figure 3g Mapping of the regions of SAM68 and ASPP1, which interact in the yeast twohybrid system. Individual regions of Sam68 were cloned as baits in the plasmid pGBKT7 and tested against an ASPP1 prey construct cloned in pACTII identified in the screen. Similar experiments were carried out to dissect the ASPP1 region responsible for interaction with Sam68. Interaction strengths are indicated as þ þ þ (strong) or À (undetectable). (c) The interaction between ASPP1 and SAM68 proteins was tested in vitro using a GST pull down experiment. The in vitro translated protein used in the pulldown experiment is indicated above the gel (ASPP1872-1090; luciferase; Siah1 or full-length ASPP1, 1-1090). Pull downs were analysed by SDS/PAGE and autoradiography. The molecular weights of size markers are given in KDa.
immunofluorescence, we found mASPP1 protein is expressed in the same germ cell types as hASPP1 protein, but is predominantly cytoplasmic. These results suggest that the interaction of ASPP1 with nuclear SAM68 will be spatially restricted to human spermatogenesis.
Different regions of ASPP1 protein can target fused GFP to different cellular compartments We further examined the subcellular distribution of a fusion protein containing hASPP1 and green fluorescent protein (GFP) transfected into Saos-2 and HEK293 cells. Consistent with previous data (Samuels-Lev et al., 2001), we detected very weak nuclear ASPP1-GFP staining (Figure 4i and j), which was clearly excluded from certain regions of the nucleus (these correspond to nucleoli based on an absence of DAPI staining and an overlap with the nucleolar protein fibrillarin, data not shown). In cells transfected with the full-length or Nterminal regions of ASPP1, we also noticed an accumulation of protein at the nuclear periphery corresponding with the centrosome (data not shown).
The distribution of ASPP1 protein in transfected cells (strong cytoplasmic and weak nuclear) and in human testis (strong nuclear) suggested that ASPP1 protein contains targeting sequences, which can direct it to different cellular regions, but in human germ cells any nuclear targeting sequence is dominant. To test this, we dissected hASPP1 protein into a series of fusion proteins with GFP and then visualised these by fluorescence microscopy ( Figure 4 and Table 1 ). Amino acids 532-871 targeted GFP to a predominantly cytoplasmic location; therefore, they must be responsible for establishing the steady-state cytoplasmic location of ASPP1. In contrast, the C-terminus of hASPP1 (amino acids 872-1090) efficiently targeted GFP to a predominantly nucleoplasmic location. GFP protein fusions containing the hASPP1 N-terminus (1-356 and 1-531) had a general distribution throughout the cell (compare DAPI staining pattern with ASPP1-GFP). Similar results have been reported for other members of the ASPP family (Yang et al., 1999; Bergamaschi et al., 2003; Slee et al., 2004) .
ASPP1 and SAM68 independently regulate the pre-mRNA splicing of a CD44 minigene in vivo Owing to its identified protein interaction with SAM68, we tested if ASPP1-GFP could also affect the splicing of CD44 exon V5, either directly or indirectly, through an upstream cytoplasmic signalling pathway. Splicing of the CD44 exon V5 transcript is regulated by the RAS and protein kinase C signalling pathways (Matter et al., 2002; Stamm, 2002) , with SAM68 acting as a downstream component in the nucleus. Consistent with this, cotransfection of SAM68-GFP alone into HEK293 cells with the CD44 minigene significantly stimulated inclusion of exon V5 compared with cotransfection of an empty GFP vector (Figure 5a and c) . Unlike for T cells (Matter et al., 2002) , no phorbol ester stimulation was required for quantitative inclusion of CD44 exon V5 in SAM68-transfected cells, probably since HEK293 cells are transformed and so contain constitutively active RAS signalling pathways.
Cotransfection of ASPP1-GFP with the CD44 minigene led to reproducible increases in inclusion of CD44 exon V5 compared with transfection of GFP alone, although the level of splicing induction was consistently slightly lower compared with SAM68. iASPP has been identified as a specific inhibitor of both ASPP1 and p53-mediated apoptosis (Bergamaschi et al., 2003) . Although cotransfection of iASPP with the CD44 minigene did not have a reproducible effect on CD44 exon V5 splicing, it strongly inhibited the effect of ASPP1 and also had a marginal negative effect on SAM68-mediated inclusion of CD44 exon V5.
Although hASPP1 is nuclear in human germ cells, it is mainly cytoplasmic in HEK293 cells (Figure 5b ). Since ASPP1 stimulated CD44 exon V5 splicing from a cytoplasmic location in transfected HEK293 cells, we considered the possibilities that either this might be mediated through an effect on the cytoplasmic signalling pathways known to regulate this exon and indirectly of any physical interaction with nuclear SAM68 in HEK293 cells, or that trace levels of ASPP1 in the nucleus might be enough to affect the function of endogenous nuclear SAM68 protein in pre-mRNA splicing. To distinguish between these possibilities, firstly we constructed an ASPP1 protein (ASPP1DC) deleted for the C-terminal region containing the ankyrin repeats and SH3 domain. This would be unable to directly interact with SAM68 based on our two-hybrid data. ASPP1DC protein still promoted exon v5 inclusion, although to a lesser degree than full-length ASPP1, showing that a direct physical interaction with SAM68 is likely not to be required for this. Secondly, we carried out cotransfection experiments with constructs encoding dominant negative HaRAS S17N (Rodriguez-Viciana et al., 1994) , which efficiently blocks endogenous wildtype RAS function. Consistent with splicing of exon V5 being downstream of RAS control in HEK293 cells, cotransfection of HaRAS S17N decreased the level of exon V5 inclusion from around 50% to around 30%. Consistent with SAM68 operating downstream of RAS in the pathway controlling CD44 exon v5 inclusion, cotransfection of HaRAS S17N had no effect on exon V5 inclusion. Similarly, cotransfection of HaRAS S17N had no effect on the ability of ASPP1 to stimulate CD44 exon V5 splicing, suggesting that cytoplasmic ASPP1 protein might also operate downstream or parallel to RAS signalling pathways.
Discussion
SAM68 is a novel nuclear cofactor for ASPP1 in the human testis In this study, we describe a molecular interaction between hASPP1 and the nuclear adaptor/RNA-binding protein SAM68, and show that endogenous hASPP1 protein is also present in the nuclei of human germ cells. This interaction might affect the nuclear function of either protein (Figure 6 ). Specific RNA targets are thought to be correctly selected in the nucleus by complexes of proteins interacting both with themselves and/or their target RNA (Smith and Valcarcel, 2000) , so it is possible that an interaction with nuclear hASPP1 protein might modify or alter the RNA-binding specificity of SAM68 in human germ cells. SAM68 is involved in nuclear pre-mRNA splicing control and is already known to interact with the germ cell specific RNA-binding proteins RBM and T-STAR (Grossman et al., 1998; Hartmann et al., 1999; Venables et al., 1999; Matter et al., 2002) . The regulation of splicing pathways are important in controlling entry into apoptotic pathways (Forch et al., 2000) , and increased expression of SAM68 protein also results in apoptosis both in mammalian fibroblasts and Drosophila Schneider cells (Di Fruscio et al., 1998; Taylor et al., 2004) . SAM68 also plays roles in post-transcriptional regulation of messages from the HIV genome and interacts with hnRNPK Yang et al., 2002) .
SAM68 protein might affect the transcriptional activity of ASPP1 in human germ cells, acting Expression and novel cellular functions of the ASPP1 protein JK Thornton et al most if not all nuclear steps of gene expression including transcription and splicing are tightly coupled, possible functional connections with splicing and transcription are not mutually exclusive (Maniatis and Reed, 2002) . Although spermatogenesis would be expected to be a conserved process, genes, proteins and physiological pathways involved in reproduction are rapidly evolving between species including man and mouse (Wyckoff et al., 2000; Venables et al., 2004) . The observed difference in intracellular location of ASPP1 between human and mouse germ cells will have important implications for the selection of potential protein partners by ASPP1 and for protein function. In particular, because of the difference in protein localisation, the interaction with nuclear SAM68 is likely to be restricted to human germ cells. SAM68 interacts with the same ASPP1 protein sequences as does p53, so binding of these proteins in the nucleus might be mutually exclusive. Meiotic cells express high levels of endogenous nuclear p53, where it may play a role in repairing double-stranded DNA breaks (Sjoblom and Lahdetie, 1996) .
A model for ASPP1 function in linking signalling and nuclear events The cytoplasmic location of transiently transfected ASPP1 in cell lines has raised the mechanistic question of how ASPP1 can stimulate transcription in the nucleus. In this study, we show cytoplasmic ASPP1 can also effect nuclear pre-mRNA splicing patterns. Since ASPP1 is mis-regulated in several human cancers, the ASPP1 expression profile might make a contribution to the altered splicing patterns observed in neoplasia, incuding that of CD44 itself. Our data are consistent with the effect on splicing being through a signalling pathway to the nucleus. Inclusion of CD44 v5 exon is directly regulated by SAM68 in the nucleus, but it is also under the control of upstream cytoplasmic signalling pathways involving RAS and protein kinase C (Matter et al., 2002; Stamm, 2002) . ASPP1 contains an SH3 domain and proline-rich sequences, which might form SH3 binding motifs (http://scansite.mit.edu/), both consistent with (although not definitively proving) a role in a protein complex involved in signalling interactions. Although SAM68 is normally concentrated in the nucleus, it is also involved early in the cytoplasmic Expression and novel cellular functions of the ASPP1 protein JK Thornton et al signalling pathways leading to T-cell activation, suggesting there is a cytoplasmic pool of SAM68 protein acting as adaptor proteins (Pillay et al., 1996; Bjorge et al., 2000) . In particular, SAM68 operates both early in RAS signalling as an adaptor protein and downstream as an RNA-binding protein (Matter et al., 2002; Lukong and Richard, 2003) . SAM68 is also cytoplasmic in mitosis, where it is a major substrate for Src kinase, and acts as a scaffold for SH3 domain containing proteins, including Fyn and PLCg (Paronetto et al., 2003) . Insulin stimulation and poliovirus infection also cause the cytoplasmic accumulation of SAM68. Hence, SAM68 itself might also have distinct cytoplasmic protein partners during mitosis, or in some cell types and physiological conditions, possibly including ASPP1. Although p53 expression is regulated by environmental cues, such as ionising radiation, the cellular and tissue-specific expression patterns of p53-interacting proteins are not well established (Coutts and La Thangue, 2005) . Our data show that ASPP1 is particularly highly expressed in the brain and the testis compared with other tissues. Future studies will use the reagents we have developed in this study to examine the cellular location of ASPP1 in other mouse and human tissues, including the brain. An important question, which we are currently addressing, is the identity of the other proteins that interact with ASPP1 both in the testis and other tissues, and which might give an insight into the role of ASPP1 both in cancer cells and spermatogenesis.
Materials and methods

Cloning
The full coding region and domains of SAM68 were amplified by PCR and cloned into the EcoR1/Sal1 sites of pGBKT7 and EcoR1/XhoI sites of pGADT7.
The full coding sequence of ASPP1 was amplified using PCR and cloned into the EcoRV/Xho1 sites of pGFP3 (Venables et al., 2004) . The full coding sequence of ASPP2 was similarly cloned into the Not1/Xba1 sites of pGFP3. Subregions of ASPP1 were amplified by PCR, and cloned into the EcoR1 and Sal1 sites of pGADT7.
Two-hybrid screen SAM68 cloned in pGBKT7 (Venables et al., 2004 ) was used to screen a 'matchmaker' human testis two-hybrid library as previously described (Venables et al., 1999) . In total, 1.4 million colonies were screened. Of the positives, 68 plasmids were isolated and cloned into DH5a before being miniprepped and sequenced.
In vitro pull downs These were performed as described (Venables et al., 2004) . ASPP1 (amino acids 872-1090 cloned in pGADT7) and luciferase were transcribed and translated in the TNT-quick T7 reticulocyte lysate (Promega) with 35 S methionine.
Cell culture experiments HEK293 cells were grown at 371C in 5% CO 2 in Dulbecco's MEM with glutamax-1, 10% foetal calf serum and 1% penicillin-streptomycin (Invitrogen) to 60% confluence, and transfected using 5 ml gene jammer reagent by the 6 Â 35 mm well plate protocol (Stratagene). RNA and protein extraction, the alternative CD44 splicing assay and Western blotting of cell extracts were performed as described previously (Venables et al., 2004) . For immunofluorescence, cells were grown on coverslips and slides, fixed in 4% paraformaldehyde and visualised by fluorescence microscopy.
Generation of antiserum
The region of human ASPP1 encoding amino acids 357-532 was amplified by PCR and then cloned into pGEX-5X and pET32a to encode GST-and HIS-tagged fusion proteins, respectively. Fusion proteins were expressed in Escherichia coli BL21 cells and purified on glutathione (Sigma) or nickel agarose (Qiagen) according to the manufacturers' instructions. Purified ASPP1-GST fusion protein was cut out of a preparative polyacrylamide gel, ground and injected into a sheep (Diagnostics Scotland, Carluke, UK). IgG was purified by caprylic acid fractionation (Harlow, 1999) , and antibodies specific to ASPP1 were affinity purified on a Sulfolink column containing immobilised His-tagged ASPP1 protein according to the manufacturers' instructions (Pierce). The region to which we raised the antiserum is poorly conserved in ASPP2 (with no significant regions of homology, compared at http:// www.ebi.ac.uk/emboss/align/index.html) and outside of iASPP (RAI).
Detection of proteins
Western blots and immunohistochemistry were performed as described previously (Elliott et al., 2000b; Venables et al., 2004) . Figure 6 Model for ASPP1 function in the human testis. In human testis, ASPP1 is exclusively nuclear, and so is in the same compartment to directly interact with nuclear SAM68 protein and p53. Since SAM68 operates downstream of RAS and protein kinase C, this protein complex might be regulated by upstream signalling pathways in the cytoplasm. The SAM68-ASPP1 interaction might have functional implications for either splicing or transcription. SAM68 is known to interact with the splicing regulators T-STAR, RBM, tra-2b and SRp30c, probably to regulate germ cell-specific splicing pathways, and ASPP1 might be part of this protein complex, perhaps modulating selection of RNA targets or protein partners. Alternatively, SAM68 might affect the ASPP1-p53 protein complex, and influence transcription of p53-target genes.
